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Humic acids (HAs) and fulvic acids (FAs) of two Polar soils were investigated by 13C NMR and ESR spectroscopies, investigating
the degree of humification and the molecular structure. One soil, from Bolshoi Lyakhovsky Island, contains two humus horizons:
modern and buried. The other soil, fromWrangel Island, had only one modern humus horizon. The HAs and FAs of the two soils
investigated show essential differences. The HAs show fewer oxygen-containing groups in comparison with the FAs, whereas the
degree of aromaticity is two or three times higher in the HAs.The 13CNMR data also show that HAs are very different from FAs in
terms of their molecular composition and hydrophobicity. Humification in the Arctic is limited by the very low content of lignin-
derived compounds, due to the restricted vascular flora. As a result, the HAs, isolated from Polar soils, are more similar to the
corresponding FAs than to the typical HAs of temperate soils. This was confirmed by ESR data, which show similar levels of free
radical concentration for HAs and FAs and are related to the low level of aromaticity of both materials investigated. Apparently, the
humification process in the soils of Polar Arctic deserts is in an initial stage.
1. Introduction
Soils sublayered by permafrost are widely distributed in
cold environments and prevail in the northern hemisphere.
Permafrost affects the soil genesis,morphology and also regu-
lates themain chemical and physical processes that determine
the structure of the soil cover. Permafrost soils are known to
have low degree of humification [1] in comparison with tem-
perate ones, but the question of biodegradability of organic
matter in these soils under conditions of climate change
has not yet been answered. Soils affected by permafrost are
typical for Canada, Greenland, Scandinavia, Russia, China,
and Mongolia [2]. Not all of them are Polar soils, because
the permafrost of Holocene/Pleistocene age is situated at
latitudes more southern than 60N, mainly in Eastern Siberia,
and partially in Mongolia and China. The diversity of
permafrost-affected soils is based on the cryopedogenesis
process. Polar soils play a key role in the global carbon
balance and provide maximum stocks of soil organic matter
in the whole pedosphere. Humification is a global process
which occurs even in the very severe climatic conditions of
the Arctic and Antarctic [3]. There are two limiting factors
for humification in permafrost-affected soils: the period of
soil biological activity and the presence of lignin-derived
compounds as precursors of humification [1]. The period
where the temperature is above 0∘C varies from a few days to
a fewmonths in different zones of both Polar regions.Organic
horizons contain an essential part of phenylpropanoic and
lignin-derived compounds in the case of Arctic soils, but
these values are very low in Antarctic ones. Another differ-
ence is in the stocks of total soil organic matter (SOM), which
is higher in polar soils of the northern hemisphere.
It is well known that the humification rate is affected by
SOM stocks. Soils of the Yamal and Gydan peninsulas, as
well as some soil of Eastern Siberia, have been investigated
previously in terms of SOM quality and stocks [4–6]. Further
Siberian soils were studied by 13b NMR spectroscopy [7].
Nevertheless, humic substances isolated from soils of oceanic
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Figure 1: B. Lyakhovsky and Wrangel Islands on the map of
Northern Siberia.
islands of the RussianArctic have not been studied previously
for their structural composition.Thiswork aims to investigate
the humic substances of Polar desert soils region by 13C
NMR and ESR spectroscopies. The first method allows us to
assess the molecular structure of humic substances, while the
second one provides data about their paramagnetic activity.
2. Materials and Methods
2.1. Study Sites and Soil Samples. Soil samples were collected
in the Eastern Arctic part of the Bolshoi Lyakhovsky and
Wrangel Islands (Figure 1). Soils were sampled from A
horizons in both cases and from a buried [H] layer in B.
Lyakhovsky Island.
Bolshoi Lyakhovsky Island (73∘21,660󸀠N, 139∘56,132󸀠 E) is
a part of the Novosibirsk Islands archipelago in the Laptev
Sea. The maximum elevation of the island is about 300m.
The relief is flat and characterized by plains containing friable
clay and sandy-clay deposits containing thick layers of fossil
ice and abundant bone remains of mammoth fauna. Bolshoi
Lyakhovsky Island belongs to the Siberian climate region of
the Russian Arctic. The snow cover is stable here during
nine months each year. The average temperature in January
is between −28∘C and −31∘C; in July it is about +3∘C. The
annual rainfall is less than 77mm, whereas the total annual
precipitation is about 140mm. Patterned grounds form the
microrelief in B. Lyakhovsky. Vegetation cover is dense and
dominated by Gramı´neae (Alopecurus alpinus, Poa alpigena)
and other arctic-alpine flora such as Cerastium sp.
Wrangel Island (70∘59,172󸀠N, 178∘28,037󸀠W) is one of the
largest islands in the region of the Chukotskoye Sea, with an
area of about 7600 sq km. The main part of the mountain
relief is characterized by flat-topped mountains 400–600m
in height. Mountains are surrounded by flat, gently sloping
plains covered by lake-alluvial deposits. Wrangel Island is
located on the border of the Siberian and Eastern (Pacific) cli-
matic regions of the Russian Arctic. The average annual tem-
perature onWrangel Island is −11.5∘C.Theminimum temper-
ature is −43∘C; the maximum is +18.2∘C.The annual precipi-
tation is about 92mm, with a maximum of 150mm, and win-
ter is about 7-8 months long. Vegetation in the studied area
is irregular, not very dense and presents mainly lichens and
some vascular plants, with some examples of Salix sp. present.
The soils investigated are classified as Cryosols or Gelisols
(Figure 2). Many of the permafrost-affected soils are consid-
ered to be Crysols or Cryozems. The Russian soil classifica-
tion identifies Cryozems [8] as soils affected by permafrost
and presenting morphological features of cryoturbation.
Other soils that do not present cryoturbation morphological
features are classified as soils of other classes or orders
with an additional verificator “Cryozem.” The “keys to soil
taxonomy” [9] have a class of Gelisols and the WRD system
contains the Cryosol group [10]. The term “Gelisols” is
broader than Cryosol, while the term Cryozems is best
applied in terms of morphology. In any case, Cryosols and
Cryozems, as parts of Gelisol units, are typical soil covers
of Siberia and these soils have shown intense changes in
morphology and thermic regime in the last decades.
2.2. Humic Substances Isolation. Soil carbon content was not
less than 1% in all the samples investigated.The HAs and FAs
were extracted according to the procedure recommended by
the IHSS [11]. Briefly, HAs were extracted with 0.1M NaOH
(soil/solution ratio 1 : 10) under nitrogen gas. After 24 h of
shaking, the alkaline supernatant was separated from the soil
residue by centrifugation at 1,516×g for 20min and acidified
to pH 1 with 6M HCl to induce the precipitation of HAs.
The supernatant, which contained FA,was separated from the
precipitate (HAs) by centrifugation at 1,516×g for 15min.The
HAs were then redissolved in 0.1M NaOH and shaken for
4 h under N
2
before the suspended solids were removed by
centrifugation.The HA solution was acidified again with 6M
HCl to pH 1.0 and the HAs were separated by centrifugation.
The HAs were demineralized by shaking overnight in 0.1M
HCl/0.3M HF (solid/solution ratio 1 : 1) and then repeatedly
washed with deionized water until the washing reached pH
3.The solid HAs were then freeze-dried.The FA preparations
were purified on activated carbon AG-3 according to Forsyth
and desalinated on cationic KU-2 (H+ form).
2.3. 13C NMR Spectroscopy. The 13C NMR spectra of the air-
dried HA and FA samples were recorded on a JNM-ECA 400
NMR spectrometer (JEOL, Japan) with a working frequency
of 100.53MHz using the CP-MAS procedure. The spinning
speed was 6 kHz; the contact time was 5ms and the recycle
delay was 5 s. The chemical shifts have been referenced to
tetramethylsilane at 0 ppm. The quantitative processing was
performed by numerical integration in the regions corre-
sponding to the functional groups and molecular fragments
with preliminary automatic correction of the phase and the
baseline using Delta v. 5.0.2. (JEOL, Japan).
Groups of carbon species have been identified by the
intervals of chemical shift (Table 1). Standardization of quan-
titative characteristics of HAs and FAs acids was performed
by the following parameters: the percentage of aromatic-
ity − Ar/(Ar + AL) [12, 13] and the degree of organic
matter decomposition (b,H-alkyl/O,N-alkyl) [13]. Moreover,
an integral index of molecule hydrophobicity was used for
humic substances (ALH,R +ArH,R), which calculated the sum
of unoxidized atoms of carbon [14]. This index provides
information about the amphiphilic properties of humic sub-
stances. Signals of aromatic structures (Ar) were calculated
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Figure 2: Soil profiles of the B. Lyakhovsky (a) and Wrangel (b) Islands.
Table 1: Carbon species and chemical shifts via 13C NMR.
Chemical shift, ppm Molecular fragments: carbonspecies
0–47 Unsubstituted saturated alkylcarbons (C)
47–60 Alkyl C substituted by oxygen andnitrogen atoms
60–110
Alkyl C singly bonded to one
oxygen atom (such as ring C in
carbohydrates) and alkyl C bonded
to two oxygen atoms (such as
anomeric C of carbohydrates)
110–144 Proton- and alkyl-substitutedaromatic C
144–164 Oxygen-substituted aromatic C
164–183 Carboxyl, ester, and amide C
183–190 Quinone C
as a sum of carbon species in the ranges 110–164 and 183–
190 ppm; the aliphatic (AL) sum was in the ranges 0–110 and
164–183 ppm intervals. ArH,R were summed in the intervals
of 0–47 and 110–144 ppm, C,H-alkylic signals corresponded
to the 0–47 ppm shifts, and O,N-alkyls referred to the ranges
of 47–60 and 60–110 ppm.
2.4. Electronic Paramagnetic Resonance Experiment. TheESR
spectra were recorded on a JES F0 300 spectrometer (JEOL,
Japan) in X-diapason with a free radical modulation ampli-
tude of 0.06mT and a microwave power in the cavity of
1mW. Magnesium powder with fixed radical concentration
was used as an external standard. The concentration of para-
magnetic centers in powders was determined by comparison
of relative signal intensities of the external standard and
measured sample with the use of the program JES-FA swESR
v. 3.0.0.1 (JEOL, Japan).
3. Results and Discussion
HAs isolated fromArctic soils are quite different from the FAs
of the same layers on elemental as well as structural compo-
sition (Table 2). The HAs contain more carbon and nitrogen,
whereas the FAs containmore oxygen. In the aliphatic carbon
region, all the HAs spectra exhibit one relatively sharp peak
centred at 30 ppm, which can be tentatively assigned to
methylene C at positions 𝛼, 𝛽, 𝛿, and 𝜀 from terminal methyl
groups (15 ppm) in alkyl chains [15] (Figures 3 and 4). These
methylene C atoms are believed to arise from the recalci-
trance and accumulation of waxes, lipids, cutin, and suberin
polymers from plants [16–18]. All spectra also exhibit a peak
at 55 ppm, which is due tomethoxyl groups and it is normally
associated with lignin-derived structures such as those of
syringyl and guaiacyl units [19]. Nevertheless, resonance in
this chemical shift region may also derive from C at position
𝛼 in polypeptides (–C(O)–C∗(R)H–NH–)n [17, 20].
A very intense signal at 71 ppm in the spectra is char-
acteristic of carbons in CH(OH) groups, such as those of
the ring carbons of carbohydrates [15]. Resonance in this
spectral region spreads from 64 to 90 ppm, which is likely
to originate from the various HC–OH fragments of cellulose
or other carbohydrate structures [17]. Besides this spectral
signature, additional signals of carbohydrate-like structures
were further identified in the majority of the HA spectra.The
weak resonance at approximately 62 ppm is typical of CH
2
O-
groups (C6 carbons) of hexoses units from polysaccharides
[21].The presence of a downfield resonance at 101 ppm, which
is representative of anomeric C, further corroborates the
presence of carbohydrate-like moieties in the soil HA and
FA samples. The most intensive signals are related to the
carbohydrates area of the FAs.
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Figure 3: 13CNMR spectra of HAs isolated from Arctic soils: buried H layer (1), uppermost A horizon Bolshoy Lyakhovsky Island (2) and A
horizon, Wrangel Island (3).
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Figure 4: 13C NMR spectra of FAs isolated from Arctic soils; numbers are the same as those in Figure 1.
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Table 2: Elemental composition of HAs and FAs (all results are given for ash-free preparations).
Plot, horizons, and depths Ash, % Weight portion, %
b H \ N
Humic acids
Bolshoy Lyakhovsky, A 0–3 cm 3,20 ± 0,16 49,9 ± 1,6 5,6 ± 0,5 39,0 ± 5,0 5,6 ± 0,4
Bolshoy Lyakhovsky [H], buried 2,16 ± 0,11 49,6 ± 1,6 4,8 ± 0,4 42,0 ± 5,1 3,7 ± 0,3
Wrangel Island, A, 0–5 cm 2,75 ± 0,14 48,1 ± 1,5 5,0 ± 0,5 42,0, ± 3,2 4,9 ± 0,3
Fulvic acids
Bolshoy Lyakhovsky, A 0–3 cm 1,44 ± 0,07 40,4 ± 1,3 5,1 ± 0,5 52,1 ± 1,9 2,4 ± 0,4
Wrangel Island, A, 0–5 cm 2,06 ± 0,10 42,2 ± 1,4 5,2 ± 0,5 49,7 ± 6,4 3,0 ± 0,2
Table 3: Percentage of carbon in the main structural fragments of HAs and FAs (according to 13b NMR).
Plot, horizons, and depths Chemical shifts, ppm
0–47 47–60 60–110 110–144 144–164 164–183 183–190
Humic acids
Bolshoy Lyakhovsky, A 0–3 cm 44,5 12,0 21,2 10,0 1,2 10,9 0,2
Bolshoy Lyakhovsky [H], buried 49,7 9,4 17,5 10,3 5,8 7,1 0,2
Wrangel Island, A, 0–5 cm 33,8 16,5 24,8 11,8 1,4 11,2 0,5
Fulvic acids
Bolshoy Lyakhovsky, A 0–3 cm 9,7 6,3 69,3 3,6 1,1 9,9 0,1
Wrangel Island, A, 0–5 cm 12,9 7,2 65,3 3,6 0,5 10,4 0,1
In the aromatic region, the resonance within the chemical
shift region between 105 and 144 ppm may originate from
unsubstituted and alkyl-substituted aromatic C. The signal
at approximately 149 ppm is typical in spectra of lignin
structural units and it is attributed to oxygen-substituted
aromatic ring C, such as those of syringyl and guaiacyl
units [17, 19]. The NMR spectra of HAs show a substantial
proportion of aromatic compounds, whereas this value is very
low in FAs (Table 2).
The carboxyl region (164–183 ppm) is dominated by a
peak with a maximum at approximately 171 ppm, largely
attributed to carboxyl C but also to carbonyl C from amides
and polypeptides [17, 22]. The comparative analyses of
molecular structure and elemental composition show that
FAs are enriched in oxygen components, which determine
increased hydrophilicity and ability to migrate in aqueous
solutions (Table 3). Similar results were obtained previously
for soils of Alaska [23] and the UralMountains [24].The high
relative content of carboxylic groups in FAs would increase
their migration ability and biogeochemical activity in Polar
terrestrial ecosystems. Quinone C contributes to the very
weak resonance at approximately 185 ppm.
The aromaticity index is two or three times higher in HAs
than in FAs. In general, HAs are more stable to oxidation and
are more condensed and aromatisized than FAs. The index
of hydrophobicity (ALH,R + ArH,R) is higher in HAs than
in FAs. In general, the humification degree, assessed by the
b,H-alkyl/O,N-alkyl ratio is higher for HAs. ComparingHAs
from the two soils, the HA from Bolshoi Lyakhovsky shows a
higher degree of humification than that fromWrangel Island
(Table 4).
The aromaticity degree and the hydrophobic level are
higher inHAs than in FAs.These results support the evidence
that the humification is a well expressed and intensive process
in Polar deserts of the Russian Arctic, which results in the
formation of two different groups of humic substances, HAs
and FAs, which are differentiated in chemical composition
andmolecular structure.The FAs of the two soils investigated
are more similar than the HAs in chemical composition.
Apparently, HAs from Arctic soils are less enriched in
aromatic fragments than HAs from taiga soils [22]. The
HAs investigated are different from the FAs and the main
difference is in the oxygen content and the proportion of
aliphatic fragments.
A typical ESR spectrum of HAs and FAs investigated is
presented in Figure 5, and the ESR parameters are similar
to HAs and FAs of temperate soils [25]. The spectra show a
single wide line with a 𝑔 factor ranging from 2.0032 to 2.0037,
which is attributed to the presence of stable semiquinone free
radicals in the HA and FA macromolecules (Table 5).
On average, the 𝑔-factor is higher in FAs than in HAs,
which suggests that the free electron in FAs is more shifted
towards the oxygen atom than in HAs.
4. Conclusions
Humic and fulvic acids of some Polar soils were investigated
by 13CNMRanESR spectroscopies to reveal the humification
degree and their specific molecular structure in Arctic soils.
Humic substances of two soils investigated show a substantial
difference in aromatic compound portion due to different
levels of polymerization of HAs and FAs. HAs show the
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Table 4: Integral indexes of molecular composition of HAs and FAs.
Plot, horizons, and depths Aromaticity, % ALH,R + ArH,R, % b,H-alkyl/O,N-alkyl
Humic acids
Bolshoy Lyakhovsky, A 0–3 cm 11,4 54,5 1,3
Bolshoy Lyakhovsky, [H], buried 16,3 60,0 1,8
Wrangel Island, A, 0–5 cm 13,7 45,6 0,8
Fulvic acids
Bolshoy Lyakhovsky, A 0–3 cm 4,8 13,3 0,1
Wrangel Island, A, 0–5 cm 4,2 16,5 0,2
Table 5: Paramagnetic features of HAs and FAs.
Plot Horizon, and depth, cm
Humic acids Fulvic acids
Mass concentration of
free radical,
1015 spin∗g−1
𝑔-factor
Mass concentration of
free radical,
1015 spin∗g−1
𝑔-factor
Bolshoy Lyakhovsky A 0–3 2,25 2,0032 2,13 2,0037
Bolshoy Lyakhovsky [H] 0,85 2,0034 0,86 2,0032
Wrangel Island A 0–5 1,78 2,0033 3,87 2,0034
320 325 330
(mT)
2047
−2048
Freq. = 9136.463MHz
Power = 0.998mW
Field center = 325mT
Sweep time = 8min
Width± = 5mT
Accum.: 1
MOD: Fq = 100 kHz
Width = 0.06mT
Amplitude: CH1 = 300, CH2 = 300
Time constant: CH1 = 0.1 s,CH2 = 0.03 s
Phase: CH1 = 0deg, CH2 = 0deg
Receiver mode: CH1 = 1st, CH2 = 1st
Figure 5: Typical ESR spectrum of humic substances investigated.
lower content of oxygen-containing groups in comparison
with FAs, while the degree of aromaticity is two or three
times higher than in FAs.The degree of aromaticity of buried
organic material from Bolshoi Lyakhovsky Island is greater
than that in the humus horizon of the modern soil.
The 13CNMR data show that HAs are very different from
FAs in terms ofmolecular composition, degree of aromaticity,
and hydrophobicity. Humification in the Arctic appears to
be very limited by the low content of compounds derived
from the restricted vascular flora. As a result, the HAs from
Polar soils are more similar to their corresponding FAs than
they are to HAs from temperate soils. ESR data show that the
levels of free radical concentration are comparable in HAs
and FAs. The low free radical concentrations can be related
to the low level of aromaticity of both HAs and FAs. Thus,
the humification process in Polar Arctic desert soils can be
considered to be in the initial stage, though leading to the
formation of two differentiated groups of humic substances
in soils, HAs and FAs.
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